Increased animal performance is suggested as one of the most effective mitigation strategies to decrease greenhouse gas (GHG) and ammonia (NH 3 ) emissions from livestock production per unit of product produced. Little information exists, however, on the effects of increased animal productivity on the net decrease in emission from beef production systems. A partial life cycle assessment (LCA) was conducted using the Integrated Farm System Model (IFSM) to estimate GHG and NH 3 emissions from representative beef production systems in California that use various management technologies to enhance animal performance. The IFSM is a farm process model that simulates crop growth, feed production, animal performance, and manure production and handling through time to predict the performance, economics, and environmental impacts of production systems. The simulated beef production systems compared were 1) Angus-natural, with no use of growth-enhancing technologies, 2) Angusimplant, with ionophore and growth-promoting implant (e.g., estrogen/trenbolone acetate-based) application, 3) Angus-ß2-adrenergic agonists (BAA; e.g., zilpaterol), with ionophore, growth-promoting implant, and BAA application, 4) Holstein-implant, with growth implant and ionophore application, and 5) Holstein-BAA, with ionophore, growth implant, and BAA use. During the feedlot phase, use of BAA decreased NH 3 emission by 4 to 9 g/kg HCW, resulting in a 7% decrease in NH 3 loss from the full production system. Combined use of ionophore, growth implant, and BAA treatments decreased NH 3 emission from the full production system by 14 g/ kg HCW, or 13%. The C footprint of beef was decreased by 2.2 kg carbon dioxide equivalent (CO 2 e)/kg HCW using all the growth-promoting technologies, and the Holstein beef footprint was decreased by 0.5 kg CO 2 e/ kg HCW using BAA. Over the full production systems, these decreases were relatively small at 9% and 5% for Angus and Holstein beef, respectively. The growth-promoting technologies we evaluated are a cost-effective way to mitigate GHG and NH 3 emissions, but naturally managed cattle can bring a similar net return to Angus cattle treated with growth-promoting technologies when sold at an 8% greater premium price.
INTRODUCTION
Improving animal productivity is considered to be one of the most effective emission mitigation tools to decrease greenhouse gas (GHG) and NH 3 emissions from animal systems (Boadi et al., 2004; Monteny et al., 2006; Capper et al., 2008 Capper et al., , 2009 . Few studies have evaluated the effectiveness of increased animal performance as an emission mitigation tool for the full beef production system using a life cycle assessment (LCA) approach. Growth-promoting technologies [e.g., estrogen/trenbolone acetate implants and the use of the ß2-adrenergic agonist (BAA) zilparterol] are often used in the beef industry to increase performance, and these may be a means of mitigating GHG and NH 3 emissions. Nonetheless, recent pressure from consumers and retailers to decrease the use of "growth promoters" in beef cattle production has resulted in more "natural" or "organic" herds that do not use technology for improved cattle health and performance.
Growth-promoting technologies are considered standard beef management practices; therefore, developing a greater understanding of their GHG and NH 3 mitigation potential is advantageous for producers. Antibiotics can be used to improve cattle health and prevent disease, whereas ionophores are typically fed to improve G:F by altering microbial populations in the rumen. Estrogen/trenbolone acetate-based implants work in conjunction with naturally circulating hormones to increase performance, whereas the BAA can be fed to feedlot cattle during the last 20 to 40 d of the feeding period to increase lean muscle mass and HCW. Most commonly, combinations of these technologies are used.
Our objective was to use simulation modeling combined with LCA to determine the effect of management technologies on the C footprint, NH 3 emissions, and economics of California beef cattle production systems. We hypothesized that GHG and NH 3 emissions per kilogram of HCW would be decreased with improved animal productivity through the use of growth-promoting technology.
MATERIALS AND METHODS
Beef production systems were simulated following industry typical production practices using the Integrated Farm System Model (IFSM) as discussed in Stackhouse et al. (2012) . Primary and secondary GHG emissions and NH 3 emissions were quantifi ed through whole-farm simulations that integrated the interacting processes of pasture, rangeland, and crop growth, crop harvest, feed storage, grazing, feeding, animal production, and manure handling to determine the long-term performance, environmental impact, and economics of production systems (ARS-USDA, 2011). The IFSM simulates these processes of feed production, animal performance, and manure production and handling through time over 25 yr of weather to estimate daily and long-term emissions and the economics of beef production systems (Rotz et al., 2005 (Rotz et al., , 2011 Stackhouse et al., 2012) . This software and additional information on the model are available through the Internet (ARS-USDA, 2011). Additional information on the assumptions for simulating primary and secondary GHG and NH 3 emissions, model evaluation, and production system characteristics is available in Stackhouse et al. (2012) .
Simulated Farms and Ranches
Simulated production systems were defi ned through consultation with beef researchers, University of California Cooperative Extension advisors, and beef cattle producers, as described in Stackhouse et al. (2012) . California beef cattle production typically consists of 3 phases, 1) cow-calf, 2) stocker, and 3) feedlot fi nishing, where each phase is owned and operated independent of the others. The breeding cow herd, replacement heifers, and bulls are maintained extensively on rangeland or pasture in the cow-calf phase. Calves are sold at weaning (typically around 205 d of age) into the stocker phase, where the weaned calf grazes extensive rangelands until it is sold into the feedlot phase at approximately 350 kg BW. Large numbers of cattle are maintained in feedlots where high-energy feed sources are used to promote rapid BW gain. Cattle complete the feedlot phase and enter the food chain at approximately 550 kg.
California beef production also includes Holstein steers, supplied from the 1.8 million dairy cows maintained in the state. Holstein steers are managed in a 2-phase system: 1) calf ranch and 2) feedlot. The calf ranch rears calves from birth to 4 mo of age, when they are sold to the feedlot. They remain in the feedlot until they weigh approximately 550 kg. Further description of the modeling assumptions of Angus and Holstein beef production practices is provided in Stackhouse et al. (2012) .
Effects on C footprint, NH 3 emissions, and production costs were determined by applying growth-enhancing technologies to simulated herds, keeping all other production characteristics the same. One natural and 2 conventional Angus beef production systems were simulated: 1) Angus-natural, with no growth-promoting technology, 2) Angus-implant, with an estrogen/trenbolone acetatebased implant application during the stocker phase and ionophore, tylosin, and an implant application during the feedlot phase, and 3) Angus-BAA with BAA (e.g., zilpaterol) application to the Angus-implant treatment during the last 20 d of the feeding period. Both Angus-natural and Angus-implant also were simulated with and without the use of a stocker phase, as described by Stackhouse et al. (2012) .
Holstein steers are rarely raised without the use of growth-promoting technologies. Therefore, only 2 conventional Holstein beef production systems were simulated: 1) Holstein-implant, with ionophore and growth implant application on arrival to the feedlot, and 2) Holstein-BAA, with BAA application to Holstein-implant treated cattle for the last 20 d of the feeding period.
All simulations were conducted for a 25-yr period using recent historical weather data for the region where each production phase normally occurs. Systems were compared both including and excluding biogenic CO 2 (Stackhouse et al., 2012) . Although common practice is to exclude biogenic CO 2 when determining C footprints, inclusion better represents the net exchange of CO 2 with the atmosphere to the farm gate of production systems. This included the assimilation of CO 2 in crop and animal growth; respiration emission from animals, plants, soil, and manure; and assimilated CO 2 converted and emitted as CH 4 . Feedlot phases were simulated with 100% of the manure exported to other agricultural sectors, which is typical of California production systems (Stackhouse et al., 2012) .
Prices were set to refl ect long-term relative values in current dollars. Prices and other economic variables were similar for the simulated cow-calf and stocker farms (Table 1). Land rental was greater for the cow-calf operation because of the use of irrigated pasture during months of inadequate forage growth (J. Davy, University of California Cooperative Extension, red Bluff, CA, personal communication). Perimeter fence was determined on the basis of land area, which was a little greater for the stocker operation. Both operations used a farm truck with an economic life of 12 yr and a salvage value of 30% of the initial cost. Stocker cattle were given a growth-promoting implant at a cost of $2.73/animal (Nader et al., 2005) . Cost for veterinary medicine was set at $30/cow and $17/animal for the cow-calf and stocker operations, respectively (Forero et al., 2008 ). An unaccounted annual cost of $4,000 was used for both operations to represent the costs of owning and maintaining a stock trailer, 2 horses, and 1 all-terrain vehicle (Forero et al., 2008) (Table 1) .
Angus and Holstein feedlot operations were similar in economic assumptions (Table 1 ). Both operations included structures for storing dry hay, commodity feeds, and machinery, each with an initial cost of $50,000. Cattle were implanted at a cost of $6.67/animal. Implants for stocker cattle are also an estrodial/trenbolone acetate base Veterinary medicine was $16.50 and $22.93/animal for the Angus and Holstein operations, respectively (Anonymous cattle feedlot manager, CA, personal communication; Dhuyvetter and Langemeier, 2009) .
The Holstein calf operation included a tractor and mixer wagon for feeding, a tractor and wagon for bottle delivery, a feed loader, a manure scraper and loader, and a tractor and manure spreader (Anonymous calf ranch manager, CA, personal communication; Table 1 ). Structures were included for dry hay, feed, and machinery storage. An unaccounted annual cost was set at $65,000 to represent the cost of propane for heating water for sterilization and mixing milk replacer (Anonymous calf ranch manager, CA, personal communication).
Model Description
Technology application. Growth performance is described in IFSM as shrunk BW (SBW) and ADG. Target weights are set for each group of growing animals at each month of their life cycle (Rotz et al., 2005 (Rotz et al., , 2011 . For animals before weaning, this BW goal is a function of age (Rotz et al., 2005 (Rotz et al., , 2011 . For stocker cattle, a linear growth rate is assumed, where ADG is the difference between their target end weight and their weaning weight divided by the user set days available for growth. Feedlot cattle performance is partially set by the user, where a potential ADG is assigned and the target ADG is deceased 10% each month until the animal reaches a fi nal shrunk BW (FSBW; Rotz et al., 2005 Rotz et al., , 2011 . If feed quality or availability limits growth, ADG is decreased, and the length of the growing or fi nishing period is extended. If a growth-promoting implant treatment is used for stocker or fi nishing cattle, the potential ADG is increased 10% (Rotz et al., 2005) . A fi ber ingestive capacity (FIC) is adjusted to include effects of growth-promoting implant and ionophore treatments (Rotz et al., 1999 (Rotz et al., , 2005 . The FIC increases by 10% when cattle are treated with growthpromoting implants and decreases 3% to 6% when cattle are treated with ionophores (Rotz et al., 2005) . Supplementation of BAA to the animal is not a function in the IFSM. Because this treatment only affects the fi nal month of the animal life cycle, external calculations were made to account for increased performance for cattle treated with BAA. To represent this treatment, the average HCW was increased by 3% and the dressing percent was increased by 1% without any change in feed intake (Avendano-Reyes et al., 2006; Elam et al., 2009; Neil et al., 2009; Strydom et al., 2009) . Through improved protein accretion, BAA treatment also decreases NH 3 emission from the feedlot by approximately 37% during the last 10 days of the fi nishing period (K. R. Stackhouse-Lawson, M. S. Calvo, S. E. Place, T. L. Armitage, Y. Pan, Y. Zhao, and F. M. Mitloehner, unpublished data); this adjustment was made to the simulated feedlot emissions.
Production Economics
Within IFSM, predicted performance is used to determine production costs, incomes, and economic return for each simulated year as infl uenced by weather (Rotz et al., 2011) . All costs associated with feeding and animal management are accounted for, including land, labor, fuel, repairs, feed supplements, and the service fl ows from durable machinery and facilities. A whole-farm budget is used where the total cost of production is compared to revenues to predict the net return to the herd and management. The user specifi es all system-controllable inputs (i.e., inputs assumed to be under the control and discretion of the farm operator). This includes the specifi c set of machines in the machinery component, size and number of feed storage structures, animal type and number, and the manure handling facilities. Once the controllable inputs are assigned, the simulation establishes the use of resources such as machinery operating time, fuel, and labor (Rotz et al., 2011) . A cost for unaccounted farm overhead also can be used to represent any and all other annual costs that are not specifi cally tracked in the model.
Land can be owned or rented. The only cost assigned to owned land is that of property tax. The annual cost of rented land is a specifi ed rental rate. Pasture costs include annual costs for durable assets (fence and watering equipment), chemicals, and labor for pasture management (Rotz et al., 2011) . Repair, maintenance, and energy costs for maintaining fence are included.
Animals sold from each phase of a beef production system can include culled cows, weaned calves, bred heifers, stocker cattle, and fi nished cattle (Rotz et al., 2011) . The number of cull cows sold depends on the user-specifi ed percentage of fi rst lactation animals maintained in the herd. The number of cows replaced each year minus the death loss (3%) gives the number sold. Calf sales are determined considering a 4% rate of twins and 6% mortality minus the number of replacement stock or growing animals remaining on the farm. Bred heifers sold is the number of retained heifers over 1 yr of age (decreased by 2% mortality) minus the number of fi rst lactation animals needed. Stockers sold are the number raised on the farm minus mortalities and the number maintained for fi nishing. Mortality rate is set at 0.33% per month for the stocker period and 0.4% per month during conventional fi nishing. For natural fi nishing, mortality is increased an additional 2%.
Total production cost is subtracted from the total income received for culled and fi nished animal sales to determine the net return to the full production system. Comparing costs totaled over all phases of beef production allows the effects of system differences to be determined. The performance of the beef system is weather dependent; therefore, farms are simulated over a 25-yr sample of recent historical weather (Rotz et al., 2007) . The simulation results refl ect the range of variation in predicted physiological, environmental, and economic performance that can occur given the variation in weather at the location. This analysis does not include income taxes and government subsidies that might affect overall profi tability; thus, our analysis focused on treatment differences.
Sensitivity Analyses
The predicted C footprint and NH 3 emission rate are affected by relationships and parameters used to predict individual emission sources. To evaluate the relative importance of individual components in emission predictions, a sensitivity analysis was conducted to evaluate effects on differences between the simulated Angus-natural and Angus-BAA treatments. A sensitivity analysis determines the responsiveness of predicted values to changes in model components and farm assumptions. This analysis is useful for identifying components and assumptions that have the greatest effect on the predicted difference in GHG and NH 3 emissions among treatments and indicating the associated error if there was an incorrect assumption or model relationship.
A sensitivity analysis was conducted for each phase of Angus production, including the cow-calf, stocker, and feedlot phases, as well as animal transport. All phases were then totaled to determine the sensitivity of the full production systems and the difference between systems. For an analysis of the effects on C footprint, factors tested were the production of enteric CH 4 , manure CH 4 , pasture N 2 O, and feedlot N 2 O, along with fuel use, the C footprint of steam-fl aked corn, animal transportation, and the performance benefi t of BAA. To evaluate the sensitivity of predicted differences in NH 3 emission, the infl uencing factors were pasture NH 3 emission rate, feedlot NH 3 emission rate, and performance benefi ts of BAA on the decreased NH 3 emission and increased HCW.
A sensitivity index was determined as the percent change in the predicted difference in C footprint and NH 3 emission rate between the 2 beef production systems divided by the percent change in the factor tested. A sensitivity index near or greater than 1.0 suggests a high sensitivity, where a ±10% change in the factor tested results in an equal or greater change in the predicted difference in C footprint or NH 3 emission of the 2 production systems. An index near zero indicates a low sensitivity, where there is little change in the predicted difference in C footprint or NH 3 emission with changes in the factor tested.
Production system assumptions will have an effect on the sensitivity of individual emission sources. For example, in beef production systems there are 3 distinct phases that do not share similar characteristics, and emission sources will vary depending on the phases used and the time animals remain in individual phases. Therefore, system changes such as removing the stocker phase will affect the overall sensitivity indexes; however, these effects are minor, so only the Angus system including the stocker phase is discussed.
RESULTS

Performance
Average simulated performance results, including initial and fi nal BW, ADG, DMI, and G:F for each phase are shown in Table 2 . The Angus calf performance data were simulated to represent an average of the annual calf crop from the cow-calf operation. The Angus-natural and Angus-implant production systems were simulated for stocker, feedlot, and feedlot without stocker phases. The stocker phase was simulated to start with the weaning weight of the calf from the cow-calf phase, whereas the feedlot phase was simulated with the initial BW being the fi nal BW of the stocker phase. An Angus feedlot without a stocker phase was a production system where the calf was weaned and transferred directly into the feedlot. Days on feed (DOF) refl ects the time that animals remained in each phase. The ADG, DMI, and G:F were averaged over the DOF.
Carbon Footprint
Greenhouse gas emissions and C footprints for each of the beef production systems are presented in Table 3 . To obtain emissions per fi nished animal, emissions were simulated for each phase, expressed per animal exported to the next phase, and totaled. Mortality effects were included by increasing emissions for the cow-calf and stocker phases to account for animal loss in the subsequent phases. The C footprint of the Angus beef production system was converted to HCW assuming 62% of SBW for Angus-natural and Angus-implant cattle, 63% for Angus-BAA cattle, and 50% for culled cows. For the Holstein beef production system, the conversion to HCW was 59% of SBW for Holstein-implant and 60% for Holstein-BAA steers.
Following the standard procedure of excluding biogenic CO 2 , the C footprints of the simulated Angus-natural, Angus-implant, Angus-BAA, Angus-natural without the stocker phase, and Angus-implant without the stocker phase production systems ranged from 12.7 to 14.5 kg carbon dioxide equivalent (CO 2 e)/kg SBW, or 21.2 to 24.2 kg CO 2 e/kg HCW (Table 3) . Treatment with implant and implant plus BAA technologies resulted in 4% and 9% decreases in the C footprint of the Angus production systems. This relatively small decrease occurred because 68% to 74% of the total GHG emissions occurred during the cow-calf phase of the Angus beef production system before growth-enhancing treatments were applied. During the stocker phase, the Angus-natural production system emitted 10% less GHG per animal than the Angus-implant production systems; however, during the feedlot phase the Angus-natural production system emitted slightly more GHG per animal than the Angusimplant and Angus-BAA production systems. For the Angus-natural and Angus-implant production systems that excluded the stocker phase, the feedlot phase of the Angus-natural emitted 7% less GHG per animal than the Angus-implant system. In total, for systems not using the stocker phase, the Angus-natural production system contributed 0.4% less GHG emission per fi nished animal but had a 7% greater C footprint than the Angus-implant production system. In the Holstein-implant and Holstein-BAA beef production systems, the largest contribution (92%) of the total GHG emission was from the feedlot (Table 3) . With biogenic CO 2 excluded, the C footprints for the Holsteinimplant and Holstein-BAA production systems were 6.3 kg CO 2 e/kg SBW, or 10.7 CO 2 e/kg HCW, and 6.1 kg CO 2 e/kg SBW, or 10.2 kg CO 2 e/kg HCW, respectively (Table 3) . Treatment with BAA resulted in a 5% decrease in the C footprint of the Holstein beef production system.
Including biogenic CO 2 sources and sinks decreased 4 Based on a 182-d feeding period.
5 Based on a 121-d feeding period for the Angus beef production systems with the stocker phase, a 212-d feeding period for the Angus beef production systems without the stocker phase, and a 334-d feeding period for the Holstein beef production system. 6 Includes emissions from fuel combustion and those associated with production of the fuel and truck. 7 Total greenhouse gases (GHG) in CO 2 e for the entire production systems adjusted per fi nished animal. 8 Shrunk BW (SBW) includes cull cows sold (125 kg SBW/fi nished animal). 9 HCW determined as 62% and 63% of SBW for the Angus-implant and Angus-BAA, respectively, 50% SBW for the cow, and 59% and 60% for the Holsteinimplant and Holstein-BAA, respectively. the C footprint of the Angus-natural, Angus-implant, and Angus-BAA production systems by 21% (Table 3) . For the Angus-natural and Angus-implant systems without the stocker phase, including biogenic CO 2 decreased their footprints by 27%. For the Holstein-implant and Holstein-BAA production systems, the C footprints were decreased about 58%. This decrease primarily accounts for the CO 2 assimilated in the manure byproduct that is exported from the system (Stackhouse et al., 2012) . Although the total GHG emissions and C footprints were decreased by including all CO 2 , the relative comparison and ranking among treatments remained the same (Table 3) .
Ammonia Emissions
Simulated NH 3 emissions from the Angus and Holstein production systems ranged from 90 to 142 g/kg HCW, with the least emissions from the Angus-BAA system (Table 4 ). The CP contents in our simulated diets ranged from 12.3% for the Angus production systems to 11.2% for the Holstein systems, with essentially the same diets used across treatments. There was a small (8 g/kg HCW) difference between the Angus-natural and Angusimplant production systems. When the stocker phase was not used, total NH 3 emissions per unit of HCW increased 23% (Table 4 ). The Angus-BAA production system had 6% and 14% less NH 3 emissions than the Angus-natural and Angus-implant production systems, respectively. This decrease in NH 3 emissions occurred during the fi nal month of the feedlot phase, when the BAA treatment increased the N use effi ciency of the fi nishing animals. In Holstein beef production, the BAA treatment decreased NH 3 emission per unit of HCW by 7% (Table 4) .
Production Economics
Production costs and net return to management for the Angus and Holstein beef systems are shown in Table 4 . For the Angus systems, the cow-calf phase had the greatest production cost at $626 per fi nished animal. When stockers were used, the stocker phase had the least input costs, totaling $177 and $172/animal for the Angus-implant and Angus-natural, respectively. The feedlot operations had production costs of $465 and $464/animal for the Angusimplant and Angus-natural, respectively. In both the Angus-implant and Angus-natural production systems that excluded the stocker phase, production costs were greatest for the feedlot at $761 and $702/animal, respectively.
Selling price for the fi nished product was set at $2.24, $2.10, $1.16, and $2.00/kg SBW for the fi nished Angusnatural, Angus-implant and Angus-BAA, cull cow, and Holstein-implant and Holstein-BAA, respectively. The net returns to management for the Angus-implant and Angusnatural production systems that included the stocker phase were $0.12 and $0.05/kg HCW. In contrast, the simulated Angus-implant and Angus-natural production systems that excluded the stocker phase had a net return of $−0.15 and $−0.10/kg HCW, respectively (Table 4) . Therefore, use of the implant and ionophore treatments increased profi t by $0.07/kg HCW when a stocker phase was used but decreased profi t by $0.05/kg HCW when stockers were not used. Use of the BAA treatment increased profi t an additional $0.04/kg HCW.
For the Holstein-implant production system, production costs were greatest for the feedlot phase at $1,039, with the cost of the calf ranch at $257 per fi nished animal. Total return to management for the Holstein beef production system was $−0.48/kg HCW ( Table 4) . Use of the BAA treatment resulted in a $0.06/kg HCW gain in net return.
Sensitivity Analyses
The sensitivity analysis focused on a comparison between the Angus-natural and Angus-BAA production systems (Table 5) . Overall, treatment effects were not very sensitive to changes in model components and the major assumptions of the analysis. Our predicted treatment effects on C footprint and NH 3 emission were moderately sensitive to the assumed increase in HCW from the BAA treatment, with sensitivity indexes of −0.25 and −0.26, respectively. Therefore, a 10% error or change in the assumed effi ciency in animal production created 2.5% and 2.6% changes in the predicted benefi ts in C footprint and NH 3 emissions, respectively. Ammonia emissions were moderately sensitive to the BAA treatment effect on NH 3 emission with a sensitivity index of −0.28. The C footprint of beef production was slightly sensitive to the C footprint of steam-fl aked corn, where a 10% change affected the predicted treatment benefi t of a decreased C footprint by 1%. All other emission relationships and assumptions had little effect on the predicted treatment benefi ts on GHG and NH 3 emissions with indexes of less than 0.01.
This sensitivity analysis supports that the predicted treatment effects on emissions from California beef production systems are robust. Model improvements of individual component emissions do not have a major effect on the predicted treatment benefi ts of increased C footprint or decreased NH 3 emission.
DISCUSSION
Improved animal productivity can be achieved by increasing animal performance through improved nutrition, reproduction, genetics, and management (Boadi et al., 2004) . From an environmental perspective, improvements in animal productivity suggest that fewer inputs are required to produce the same or more product. Thus, when animal performance is increased, GHG production per unit of meat is decreased, resulting in a lower C footprint (Boadi et al., 2004) . To date, most examples using improved animal productivity as a GHG mitigation tool are in dairy production (Capper et al., 2009; Rotz et al., 2010) .
In the beef industry, use of growth-promoting technologies such as implants, antibiotics, and ionophores is common practice in most stocker and feedlot operations to increase growth and improve G:F. The greatest physiological growth response is from the use of growth-promoting implants, resulting in a 0.08 to 0.25 kg/d increase in ADG (Wileman et al., 2009) . Performance responses are reduced with the use of ionophores and antibiotics; however, morbidity, mortality, and disease are decreased (Wileman et al., 2009) . The newest technology used in beef production is BAA, such as zilpaterol hydrochloride (Zilmax, Intervet Inc., Millsboro, DE) or ractopamine hydrochloride (Optafl exx, Elanco, Greenfi eld, IN) . In the present simulations zilpaterol hydrochloride use is assumed.
Using characteristics representative of California beef production systems, our simulated herds showed greater performance with the use of growth-promoting technologies. Herds treated with antibiotics, ionophores, and growth-promoting implants showed increased ADG of 0.1 to 0.2 kg/d, increased FSBW of 42 kg, and G:F improved by 0.01, which were consistent with the results Table 4 . Ammonia emissions, production costs, and net return to management of beef production systems in California using growth-promoting treatments. BAA = ß2-adrenergic agonists of a meta-analysis over multiple studies (Wileman et al., 2009) . Dry matter intake increased in the treated herds by 0.01 kg/d. This is expected to meet the increased NE g from growth-promoting implant use. Because DMI has a major infl uence on enteric CH 4 production, an evaluation of GHG mitigation through improved animal productivity must be reported per kilogram of product produced (e.g., per kilogram of HCW) rather than per animal. The use of antibiotic (growth was simulated to include the addition of Tylosin), ionophore, and implant technology decreased the C footprint of the Angus beef production system with and without the stocker phase by about 1.5 kg CO 2 e/kg HCW, or 7%. Feeding BAA along with the other treatments decreased the C footprint by 9%. Supplementing the BAA treatment to the Holstein beef production system resulted in a 5% decrease in C footprint. As a GHG mitigation strategy, this is a relatively small response from improved animal productivity, which is a result of the large portion of the total emission that comes from the cow-calf phase or other early stages of animal growth before growth-promoting technologies can be applied. Therefore, GHG mitigation work should most likely focus on earlier phases of beef production and the major emission sources.
Compared to studies of U.S. dairy production systems, our beef cattle results show similar GHG mitigation through use of production promoting technology. Recombinant bovine ST, a technology used to increase milk yield from dairy cattle, has been found to decrease the C footprint of milk production by 7% to 9% (Capper et al., 2008; Rotz et al., 2010) .
Ammonia emissions from the Angus and Holstein production systems were decreased by about 6% and 7% with use of BAA, respectively. This decrease in NH 3 emission is surprising, as the cattle were only fed using this technology the last 20 d of production. Decreased NH 3 emissions with BAA treatment are a result of the animal's physiologic response to the BAA, which increases muscle mass through an increase in protein synthesis and a decrease in muscle protein degradation (Mersman, 1998) . The decrease noted in NH 3 emission results from this change in protein synthesis and degradation, which leads to a lower concentration of urine urea N (UUN). By decreasing the concentration of UUN, less urea is excreted, and therefore, less NH 3 volatizes. Thus, supplementation of BAA during the last 20 to 40 d of the feedlot phase alone could serve as a useful NH 3 mitigation tool for beef cattle production, with a small added benefi t in GHG mitigation.
When applying GHG mitigation strategies, effects on production costs and the net return to management must be considered to ensure no loss in profi t for the producer. Compared with the Angus-natural system, treatment with the growth-promoting technologies decreased production costs by $0.25/kg HCW for the Angus-implant and $0.33/ kg HCW for the Angus-BAA production systems.
Our simulations suggest the greatest net return to management from the Angus-implant and Angus-BAA production systems. A similar net return to management was found for natural beef production when these cattle obtained a premium of $0.14/kg SBW, which was consistent with premiums suggested by several studies (e.g., Fernandez and Woodward, 1999; Berthiaume et al., 2006; Wileman et al., 2009 ). In the circumstance that Angusnatural cattle were marketed at the same price as the Angus-implant cattle, the net return to management would be $−0.13/kg HCW, which is consistent with results of Wileman et al. (2009) . Marketability of natural cattle varies more than that of conventionally managed cattle, and demand may or may not support the premium price of the natural cattle market niche. Nevertheless, mitigation with the type of growth-promoting technology we evaluated is not acceptable to naturally grown and marketed cattle.
For Holstein cattle, the largest portion of the production cost was in the feedlot phase. Production cost increased by $20/animal when the BAA treatment was applied, but the increased growth improved the net return by $0.06/kg HCW. In our Angus simulations, use of BAA increased the economic return by $0.04/kg HCW.
In conclusion, treatment with the growth-promoting technologies we evaluated might be a cost-effective GHG and NH 3 mitigation tool during the feedlot phase of Angus and Holstein beef production systems. If, however, consumer preference is shifting toward more natural and organic foods, development of practical GHG and NH 3 emission mitigation tools that effectively decrease emissions, are economically viable to the producer, and do not limit the ability to meet consumer demands are also needed.
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